Suppression of the charge-density-wave state in Sri 4 Cu 2 404i by calcium doping 
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The charge response in the spin chain/ladder compound Sr^-^Ca^C^-rtCUi is characterized by 
DC resistivity, low-frequency dielectric spectroscopy and optical spectroscopy. We identify a phase 
transition below which a charge-density wave (CDW) develops in the ladder arrays. Calcium doping 
suppresses this phase with the transition temperature decreasing from 210 K for x = to 10 K for 
x = 9, and the CDW gap from 130 meV down to 3 meV, respectively. This suppression is due to the 
worsened nesting originating from the increase of the inter-ladder tight-binding hopping integrals, 
as well as from disorder introduced at the Sr sites. These results altogether speak in favor of 
two-dimensional superconductivity under pressure. 

PACS numbers: 74.72.Jt, 71.45.Lr, 77.22. Gm, 74.25.Nf 



The discovery of superconductivity under pressure in 
the two-leg ladder compound Sri4_ 2: Ca a ;Cu2404i has 
provoked much attention since it is the first supercon- 
ducting copper oxide material with a non-square-lattice 
layered pattern 0, 0] ■ Theoretically, in an undoped spin 
ladder system, spin singlets in rungs produce the ground 
state, usually referred to as a gapped spin-liquid 0- 
Upon Ca doping, the added charge carriers (holes) tend 
to share the same rung on the ladder in order to minimize 
the energy paid to break the spin singlets. The forma- 
tion of hole pairs is expected to lead to superconductiv- 
ity with d-wave symmetry, whereas the spin gap remains 
the same or decreases equally in size. Due to the quasi 
one-dimensional nature of ladders, a competing charge- 
ordered state (charge-density wave), with hole pairs as 
building entities, may prevent the occurrence of super- 
conductivity. The ladder systems provide, therefore, a 
nice possibility to study spin and charge dynamics, and 
their interplay in a spin-gapped environment with signi- 
ficance to the phase diagram of high-temperature super- 
conducting cuprates. 

Sri4_ x Ca ;r Cu2404i is such a quasi-one-dimensional 
system but shows additional complexity since it contains 
a plane of CU2O3 ladders, a plane of one-dimensional 
Cu02 chains and a (Sr,Ca) layer. These three distinct 
layers are placed in the crystallographic a-c plane and 
stack alternatingly along the b-axis. The spin gaps are 
found to induce the activated temperature dependence of 
the spin-lattice NMR relaxation rate and the Knight shift 
in both the CuC>2 chains and the CU9O3 ladders below 
about 50 K and 200 K, respectively 0,13 . While the spin 
gap for the chain Agp?J ns w 14 meV remains constant on 
doping, the spin gap for the ladder Agp^ crs w 50 meV de- 
creases linearly with the Ca content. As far as the charge 



order is concerned, its existence is well established in the 
Cu02 chain sub-unit below 200 K as a result of the an- 
tiferromagnetic dimers pattern. The charge gap induced 
by this order leads to a sharp peak observed in magnetic 
Raman-scattering measurements 0, 0] ■ 

No definite understanding has been reached yet on 
the nature of the charge-ordered state in the ladders 
(the subsystem responsible for the conductivity and su- 
perconductivity of the compound) and its evolution on 
calcium-doping, which leads to superconductivity. Along 
the most conducting direction (c-axis) , a semiconductor- 
like temperature dependence of the DC resistivity is ob- 
served, which does not change appreciably upon doping, 
while a metallic behavior is found only for x > 11 and 
T > 50 K || . The low-frequency dielectric and the opti- 
cal response of the parent compound Sri4Cu2404i reveals 
a broad relaxation centered in the radio-frequency range 
with an Arrhenius-like decay determined by the resistive 
dissipation t 9|. We have shown that this relaxation is 
due to screened phason excitations of the charge-density 
wave (CDW) , which develops in the ladders and produces 
a CDW pinned mode at microwave frequencies, thus de- 
termining the low-temperature insulating ground state 
in pure Sr-uCu^CUi . Our findings were confirmed by 
Blumberg et al. [lfj. 

In order to address the relationship between CDW, 
gapped spin-liquid, and superconducting states, and thus 
to get an insight on the mechanism of superconductivity 
in spin ladders, we have performed systematic investiga- 
tion of how the CDW instability in Sri4Cu2404i evolves 
upon Ca doping, which is essential to achieve supercon- 
ductivity. We find that (i) the phase transition to the 
CDW state is strongly suppressed by calcium doping, re- 
vealing a competition between the charge-density wave 
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FIG. 1: Real and imaginary parts of the dielectric function 
of Sri4_ a! Ca :c Cu24 04i for (a) x = 0, (b) x = 3 and (c) x = 9 
measured at three representative temperatures as a function 
of frequency with the AC electric field applied along the c- 
axis. The full lines are from fits by the generalized Debye 
expression: e(uj) — ehf = Ae/[1 + (ilotq) 1 ^"]. 

and superconductivity; and (ii) a complex relation exists 
between CDW and gapped spin-liquid ground states. 

The DC resistivity was measured between 2 K and 700 
K. In the frequency range 0.01 Hz - 1 MHz the spectra of 
the dielectric function were obtained from the complex 
conductance measured at 2 K< T <200 K These 
spectra were complemented by reflectivity measurements 
at 8 - 10000 cm" 1 using quasi-optical [l3| and infrared 
spectrometers, from which the spectra of the complex 
dielectric function were obtained by a Kramers-Kronig 
analysis. All measurements were done along the crystal- 
lographic c-axis of high-quality single crystals. 

Fig. ^ shows the frequency dependent complex dielec- 
tric response at three selected temperatures for x = 0, 3 
and 9. A pronounced dielectric relaxation is observed for 
all three compositions providing evidence for the CDW 
formation 0. The screened loss peak (e") centered at 
Tq 1 moves toward lower frequencies and smaller ampli- 
tudes with decreasing temperature. The main features of 
this relaxation do not qualitatively change on doping: the 
dielectric strength Ae = e — £hf ~ 5 x 10 4 (eo and shf 
are static and high-frequency dielectric constants), the 
symmetric broadening of the relaxation-time distribution 
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FIG. 2: Temperature dependence of the dielectric strength 
Ae of the radio-frequency CDW-related mode (upper panel) 
and DC resistivity p (lower panel) in Sri4_ x Ca a; Cu24 04i for 
three different Ca concentrations x. The arrows indicate the 
CDW phase transition temperature T c . In the upper panel 
the full lines guide the eye, while in the lower panel the lines 
represent fits by Arrhenius functions. An assumed behavior 
of Ae for x = 0, based on that observed for x = 3 and 9, is 
represented by a dashed line. 



given by 1 — a ~ 0.8, and the mean relaxation time To, 
which closely follows a thermally activated behavior in a 
manner similar to the DC resistivity [to(T) oc p(T)\. Our 
results clearly demonstrate a distinct phase transition to 
the CDW ground state, which is strongly suppressed by 
Ca-doping (Fig. on decreasing temperature, a sharp 
growth of Ae starts in the close vicinity of T c and reaches 
the huge value of the order of 10 4 - 10 5 at T c = 140 K 
and T c = 10 K for x = 3 and 9, respectively. These 
T c values perfectly correspond to the temperature of the 
phase transition as determined in the DC resistivity mea- 
surements, indicated by pronounced peaks at T c in the 
derivative of the resistivity 01 . The overall decrease of 
Ae below T c for x — is substantial, while it becomes 
much less pronounced for x — 3 and x — 9. While for 
x = 3 and 9 we were able to track the dielectric mode 
into the respective phase transition region, for x = the 
mode leaves the upper bound (1 MHz) of our frequency 
window already at T > 110 K. 

FigEDshows the low-temperature spectra of the optical 
conductivity for three different Ca compositions, x = 0, 3 
and 9. The optical conductivity decreases below approx- 
imately 2500 cm -1 for x — and 3, and around 25 cm -1 
for x — 9, which we associate with the opening of the 
CDW gap. This decrease is only observed for x = 0, 
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FIG. 3: Low-temperature (T = 5 K) optical conductivity of 
Sri4-iCa2,Cu2404i for x — 0,3,9. The spectra are obtained 
for the electric field vector of radiation E\\c. The arrows show 
the CDW gaps obtained from activated DC resistivity. 




x = 3 and x — 9 at temperatures lower than 240 K, 
150 K and 20 K, respectively These temperatures 

nicely agree with the CDW phase transition temperature 
T c as determined from our DC and low-frequency dielec- 
tric measurements (Fig. ^3- Moreover, the CDW 
gap values extracted from these measurements (130 meV 
w 900 cm" 1 , 110 meV w 750 cm" 1 and 3 meV w 20 
cm , for x = 0, 3 and 9, respectively) correspond well 
to the edges seen in the optical conductivity spectra. We 
thus conclude that the broad peak-like feature around 
100 cm -1 for x = 9, which appears only for T < 20 K, 
cannot be assigned to the pinned CDW mode as sug- 
gested by Osafune et al. [lj], rather it can simply be 
attributed to the opening of the CDW gap. High AC 
conductivity, as compared with the DC value, which re- 
mains at frequencies lower than the CDW gap, is due to 
a power law dispersion. 

FigQ] demonstrates the doping dependence of the 
CDW-related parameters: the CDW gap A, the criti- 
cal temperature T c and A/T c , which is a measure of the 
interaction strength leading to the CDW formation. A 
strong decrease of the CDW phase transition tempera- 
ture and the CDW single-particle gap induced by Ca- 
doping is striking. The broadening of the phase tran- 
sition (as seen from the logarithmic derivative of resis- 
tivity vs. inverse temperature and the decrease of 
T c , might be attributed to a disorder introduced by Ca- 
doping at Sr sites. In order to explain such a pronounced 
effect, we suggest that in addition to the above, the CDW 
ground state is suppressed because the warping of the 
quasi one-dimensional band, which is associated with the 
ladder sub-units, increases with Ca-doping. Indeed, a 
more two-dimensional hole distribution in the ladders has 
been revealed recently by X-ray absorption spectroscopy 
as the major effect of the Ca substitution [l5|. The 
"strength" of the phase transition A/T c is much larger 
than the mean-field A/T c = 3.5 for x = and 3, and 
drops to about 3.5 for x = 9. In the quasi- ID CDW sys- 
tems, A/T c is usually found to be enhanced above the 



FIG. 4: Upper panel: Dependences of the CDW related pa- 
rameters in Sri4_ x Ca :E Cu2404i on the calcium concentration: 
CDW gap A (triangles) and the "strength" of the CDW in- 
teraction A/T c (stars). The dependence of the spin gap (di- 
amonds) in the ladders is also shown §§• Lower panel: Qual- 
itative phase diagram for Sri4_ a; Ca a; Cu2404i as a function 
of Ca-doping. The CDW phase is determined by the CDW 
critical temperature T c (open circles), which coincides with 
the paramagnetic - spin-gapped phase crossover-temperature 
T* (crosses) JIc^ . Also sketched is the insulating, the metal- 
lic pi, and the superconducting phase, which appears under 
pressure. The activation energy in the insulating phase equals 
the CDW gap on the left of the dashed line, while it is close 
to the spin gap of the ladders on the right side. 

mean-field value and ascribed to strong ID correlations. 
The observed drop for x = 9 may be due to the increased 
dimensionality induced at high Ca-doping levels. 

Now we address the question of the nature and the 
origin of the observed CDW ground state. The peak 
we previously assigned to the pinned phason mode 
centered at 12 cm" 1 for x — 0, shifts to 23 cm" 1 for 
x = 3 and eventually disappears for x — 9 (see Fig. |3J). In 
our recent optical measurements on La3Sr3CasCu2404i 
we see the same peak centered at about 12 cm -1 |l7j 
although there is no hole transfer into the conducting 
ladders 0, 0|. Hence we conclude that the 12 cm -1 
peak is not a signature of the CDW phason mode . 

Therefore, we follow the assignment of the peak at 
1.8 cm" 1 to the CDW phason pinned mode, proposed by 
Kitano et al. [2jj. The mode was detected for x — and 
3 doping, but not for x = 9 [U , which may be due to the 
screening by the large number of free carriers at this high 
doping level. Since we observe the screened temperature- 
dependent response in the radio- frequency range centered 
at Tq 1 (see Fig. 0), which represents a fingerprint of the 
CDW phason response _22], for x = all the way up to 
x = 9, we can safely assume that the pinned mode always 
exists around f2rj ~ 1.8 cm" 1 . Littlewood developed 
an expression, which connects the microwave unscreened 
phason mode at f2o with the screened loss peak in the 
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With a dc = 1/p & n( i n the carrier concentration con- 
densed into the CDW, we can estimate the effective 
mass m* of the condensate. We have suggested that the 
CDW forms in the ladder sub-unit because the ladders 
rather than the chains represent the conducting channel 
in Sri4_ x Ca x Cu2404i 0. In La3Sr 3 Ca8Cu2404i, which 
contains no holes in the ladders, we did not find any sig- 
nature of the CDW-related dielectric response; a strong 
confirmation of our assumption 17]. If only one out of 
six holes condenses into the CDW on the ladders, we 
estimate the CDW effective mass to be in the range 
20 < m* < 50; with basically no dependence on tem- 
perature or Ca content for x between and 9. Note that 
the values for the CDW effective mass are usually in the 
range 10 2 < m* < 10 4 [23j]. The small values clearly indi- 
cate that electron-phonon interactions are weak. There- 
fore, a superstructure, which accompanies the CDW, is 
expected to be weak and difficult to observe by X-ray 
diffuse scattering. Besides the small value of m*, the 
CDW state differs from those commonly observed in one- 
dimensional conductors j2j| by the small nonlinearity of 
resistivity with no finite threshold field __[J, _3 , and a 
strongly temperature dependent Ae, which may be con- 
nected to a redistribution of the holes between chains and 
ladders and an interplay between spins and charges 

Finally, we comment on the complex relation of charge- 
density wave and gapped spin-liquid ground states. The 
CDW phase transition temperature T c , from the high- 
temperature (HT) phase into the CDW ground state, 
coincides with the crossover temperature T* , which sep- 
arates the high temperature paramagnetic regime from 
the spin-gapped ground state in the ladders H3, (see 
Fig. |3J|. A similar gradual ^-dependence is also seen 
by both the CDW gap and the spin gap. However, this 
seemingly direct interdependence turns over completely 
at high Ca-doping levels, where the CDW gap drops to 
3 meV, which is 5 times smaller than the spin gap [5j . 

This result supports the scenario according to which 
superconductivity is established in the presence of a finite 
spin gap at doping levels where the competing CDW or- 
der fully vanishes. Pressure suppresses an insulating HT 
phase, which still persists at these doping levels. Namely, 
the activation energy for low Ca-contents (x = 0, 3) in 
the HT phase is very close to the CDW gap in the CDW 
ground state, while for high x = 9 it drops substantially, 
but clearly less than the CDW gap, down to a size of 
12 meV, close to the value of spin gap in ladders. This 
means that the ambient pressure HT insulating state at 
high doping levels is different in nature as compared to 
the one at low doping, as indicated by the dashed line 
in Fig. 2| The origin of the HT insulating phase is not 
clear yet and might indicate strong electron correlations 



effects. The role of applied pressure is then to dimin- 
ish these correlations, to drive the system away from the 
CDW instability by increasing further its dimensionality 
from 1 to 2, and setting finally the SC state, which is 
thus of a two-dimensional nature. 

We demonstrated the phase transition from a high- 
temperature insulating phase to the charge-density wave 
ground state of Sri4_ a; Ca a ;Cu2404i and the gradual sup- 
pression of the CDW by Ca-substitution of Sr. We pro- 
pose that at high doping levels the CDW order fully van- 
ishes due to increased two-dimensionality and disorder, 
while a finite spin gap is still present. External pressure 
then suppresses an insulating high temperature phase 
and establishes superconductivity. 
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